ABSTRACT Background: Carbohydrate quantity and quality may play an important role in the development of type 2 diabetes. Objective: We investigated the associations of dietary glycemic load (GL), glycemic index (GI), carbohydrate, and fiber intake with the incidence of type 2 diabetes. Design: A prospective cohort study was conducted in 37,846 participants of the EPIC-NL (European Prospective Investigation into Cancer and Nutrition-Netherlands) study, aged 21-70 y at baseline and free of diabetes. Dietary intake was assessed with the use of a validated food-frequency questionnaire. Incident diabetes cases were mainly self-reported and verified against general practitioner records. Results: During a mean follow-up of 10 y, 915 incident diabetes cases were documented. Dietary GL was associated with an increased diabetes risk after adjustment for age, sex, established diabetes risk factors, and dietary factors [hazard ratio (HR) per SD increase: 1.32; 95% CI: 1.14, 1.54; P , 0.001]. GI tended to increase diabetes risk (HR: 1.08; 95% CI: 1.00, 1.17; P = 0.05). Dietary fiber was inversely associated with diabetes risk (HR: 0.92; 95% CI: 0.85, 0.99; P , 0.05), whereas carbohydrate intake was associated with increased diabetes risk (HR: 1.15; 95% CI: 1.01, 1.32; P , 0.05). Of the carbohydrate subtypes, only starch was related to increased diabetes risk [HR: 1.25 (1.07, 1.46), P , 0.05]. All associations became slightly stronger after exclusion of energy misreporters. Conclusions: Diets high in GL, GI, and starch and low in fiber were associated with an increased diabetes risk. Both carbohydrate quantity and quality seem to be important factors in diabetes prevention. Energy misreporting contributed to a slight attenuation of associations.
INTRODUCTION
Hyperglycemia, a hallmark feature of diabetes, was long viewed as a disorder of carbohydrate metabolism. However, the definition of carbohydrate-containing foods in terms of their capacity to increase blood glucose has been suggested to be a better determinant of diabetes risk (1, 2) . High-glycemic index (high-GI) foods contain carbohydrates that break down rapidly and cause high postprandial glucose concentrations, whereas low-GI foods contain carbohydrates that break down slowly and cause lower postprandial glucose concentrations that decline more gradually (1) . Glycemic load (GL) is the product of the GI and the amount of carbohydrate in a food and reflects both the quantity and quality of the carbohydrate (3) . Until now, evidence regarding the role of GL and GI in relation to diabetes risk has remained inconclusive. Several studies reported increased risks of GL or GI (3) (4) (5) (6) (7) (8) (9) , whereas others did not confirm this (10) (11) (12) (13) (14) (15) . Some studies suggested interactions with the degree of adiposity (4, 6, 9, 14) or with cereal fiber intake (3, 7, 8) , but this was not always confirmed (4, 8) . In Australia, the nutritional guidelines require foods to be labeled with a symbol and their GI value (16) ; however, the American Diabetes Association's dietary guidelines for diabetes prevention state there is no sufficient, consistent information to conclude that low-GL diets reduce diabetes risk (17) .
Misreporting of energy intake may be one of the factors explaining the inconsistent findings regarding GL, GI, and diabetes. To our knowledge, very little is known about the influence of energy misreporting on GL, GI, and diabetes. Lau et al (18) showed that after correction for energy intake, exclusion of energy underreporters did not affect the associations of GL and GI with body mass index (BMI) (18) . To date, only one study has examined the influence of energy misreporting on the relation of GL and GI with diabetes, and no effect of excluding energy misreporters was reported (12) .
In this study, we aimed to prospectively investigate the associations of dietary GL, GI, fiber, carbohydrate, and carbohydrate subtypes with the risk of type 2 diabetes. In addition, we investigated the influence of energy misreporting and explored possible interactions with dietary fiber and the degree of adiposity.
SUBJECTS AND METHODS

Study population
The European Prospective Investigation into Cancer and Nutrition (EPIC) was established to investigate the relation between nutrition, various lifestyles, and environmental factors and the incidence of cancer and other chronic diseases (19) . EPIC-NL comprises the 2 Dutch contributions to the EPIC study: Prospect-EPIC and MORGEN-EPIC. The individual cohorts of EPIC-NL were set up simultaneously in 1993-1997 within the context of the EPIC study and were merged in 2007 according to standardized processes into one large Dutch EPIC cohort. Its design and rationale are described elsewhere (20) . The Prospect-EPIC study includes 17,357 women, aged 49-70 y at baseline, who are participating in the national breast cancer screening program and living in the city of Utrecht and its surroundings (21) . The MORGEN-EPIC cohort consists of 22,715 men and women aged 21-64 y selected from random samples of the Dutch population in 3 towns in the Netherlands (Amsterdam, Doetinchem, and Maastricht) (22, 23) . All participants gave informed consent before they were included in the study. The study complied with the Declaration of Helsinki and was approved by the Institutional Board of the University Medical Center Utrecht.
After exclusion of prevalent diabetes cases (n = 615), individuals with extremely low or high reported energy intakes (ie, those in the top 0.5% and bottom 0.5% ratio of reported energy intake over estimated energy requirement [estimated with basal metabolic rate (BMR); n = 388]), participants with missing nutritional data (n = 213), and those who did not consent to linkage with disease registries (n = 931), 37,846 participants were left for the analysis.
Food intake
Daily nutritional intake was obtained from a food-frequency questionnaire (FFQ) containing questions on the usual frequency of consumption of 79 main food items during the year preceding enrollment. This questionnaire allows the estimation of the average daily consumption of 178 foods. The FFQ has been validated against twelve 24-h recalls (24) (25) (26) . Spearman's correlations were 0.60 for GL, 0.62 for GI, 0.74 (men) and 0.76 (women) for carbohydrate, and 0.61 (men) and 0.74 (women) for fiber. The GI of the foods was obtained from the international tables compiled by Foster-Powell et al (27) and Atkinson et al (28) , which contain all relevant data published between 1981 and 2007. Intakes of nutrients were adjusted for total energy intake by means of the regression residual method (29) .
Calculation of dietary GI and GL
We calculated the daily GI by summing the products of the GI value of a food with its available carbohydrate content, multiplied by the frequency of consumption of that food. These values were then divided by the total amount of available carbohydrate consumed (30) . Such an expression of dietary GI per gram of carbohydrate reflects the overall quality of the daily carbohydrate intake. Daily GL was calculated in the same manner used for the GI but without dividing by the total amount of available carbohydrate consumed (3). The GL represents both the quality and quantity of carbohydrate and the interaction between them. Each unit of dietary GL represents the equivalent of 1 g carbohydrate from glucose.
Energy reporting
BMR was estimated with the use of the Schofield equations. Participants with an energy intake compared with BMR of ,1.14 were defined as energy underreporters, whereas those with an energy intake compared with BMR of .2.40 were classified as energy overreporters according to the Goldberg cutoffs (31) . Energy misreporters were defined as energy under-plus overreporters. The remaining participants were defined as normal energy reporters.
Diabetes
The occurrence of diabetes during follow-up was self-reported in 2 follow-up questionnaires at 3-5 y intervals. Participants were asked whether diabetes was diagnosed, in what year, by whom, and what treatment they received. Diagnoses of diabetes were also obtained from the Dutch Center for Health Care Information, which holds a standardized computerized register of hospital discharge diagnoses. In this register, admission files have been filed continuously from all general and university hospitals in the Netherlands from 1990 onward. All diagnoses were coded according to the International Classification of Diseases, Clinical Modification, 9th revision (32). Follow-up was completed 1 January 2006. In the Prospect-EPIC study, incident diabetes cases could also be detected via a urinary glucose strip test, sent out with the first follow-up questionnaire, for detection of glucosuria. Potential diabetes cases detected by any of these methods were verified against information obtained from the participants' general practitioner or pharmacist through mailed questionnaires. Diabetes was defined as present when either of them confirmed the diagnosis. Verification information was available for 89% of the potential diabetes cases, and 72% of these cases were verified as type 2 diabetes and subsequently used for the analysis.
Baseline characteristics
At baseline, participants completed a general questionnaire containing questions on demographics, presence of chronic diseases, and risk factors for chronic diseases. Smoking was categorized into current, past, or never smoker; and parental history of diabetes was categorized into none, one, or both parents. Physical activity was assessed by means of a questionnaire validated in an elderly population (33) , and the Cambridge Physical Activity Score was calculated and used to categorize physical activity (34) . Because we could not calculate a total physical activity score for 14% of all participants, we imputed missing scores by single linear regression modeling [Statistical Package for Social Sciences (SPSS), Missing Value Analysis procedure]. Systolic and diastolic blood pressure measurements were performed twice in the supine position on the right arm with a Boso Oscillomat (Bosch & Son, Jungingen, Germany; Prospect) or on the left arm with a random zero Sphygmomano-meter (MORGEN), from which the mean was taken. Hypertension was defined as present when one or more of the following criteria were met: diastolic blood pressure 90 mm Hg, systolic blood pressure 140 mm Hg, self-reported antihypertensive medication use, and self-reported presence of hypertension. Waist circumference, height, and weight were measured and the BMI was calculated. All measurements were performed according to standard operating procedures. Weight during follow-up was derived from mailed follow-up questionnaires or physical examination (Doetinchem part). Weight change was defined as the difference between weight at baseline and follow-up. Because the follow-up period varied, we calculated the annual weight change by dividing the weight change by the years of follow-up.
Data analysis
Characteristics of the study population are presented as the mean (SD) or median (interquartile range) for continuous variables and frequencies (percentages) for categorical variables. For the analyses, GL, GI, and intakes of fiber, carbohydrate, sugar, and starch, adjusted for energy intake by the regression residual method (29) , were expressed per SD of intake.
Cox proportional hazard models were used to calculate crude and adjusted hazard ratios (HRs) and their 95% CIs for the associations between dietary intakes and incidence of type 2 diabetes. Potential confounding factors were selected based on univariable associations of potential confounders with both diabetes and GL or GI, and whether adjustment for the confounder would change the HR by '10%. Variables selected this way were incorporated into a multivariate model by means of a stepwise selection approach. The confounders that were entered into the model were age (continuous), sex (male or female); alcohol consumption (,11, 11-25, 26-50, .50 g/d); physical activity (not active, moderately inactive, moderately active, active); smoking status (never, past, current); BMI (in kg/ m 2 ; ,20, 20-25, 25.1-30, .30); waist circumference; systolic blood pressure; educational level (high, middle, low); family history of diabetes (none, one parent, both parents); energyadjusted intake of vitamin C, vitamin E, fiber, protein, saturated fat, and polyunsaturated fat; and total energy intake (all continuous). All analyses were stratified by cohort (Prospect or MORGEN) by including the cohort in the strata statement.
The presence of nonlinear associations of GL, GI, fiber, carbohydrate, sugar, or starch was explored by including the quadratic term of these nutrients (per SD increase) in the model with the linear term, and no evidence for nonlinear associations was found (with P values for quadratic terms ranging from 0.14 to 0.70).
To examine the influence of energy under-and misreporting, we repeated the analyses after excluding energy underreporters and energy misreporters, respectively. The influence of energy overreporting could not be studied because relatively few participants contributed to this group.
Interactions with BMI, waist circumference, and fiber intake were estimated with the use of a likelihood ratio test. The proportionality assumption was checked visually by means of logminus-log plots, with no deviations detected. Data were analyzed with SPSS (version 15.0; SPSS Inc, Chicago, IL) for Windows.
RESULTS
The mean age of the study population was 51 y, and '25% of the participants were male. Daily mean (6SD) dietary GL and GI and intakes of fiber and carbohydrate were 117.9 6 21.3 g, 54.9 6 3.9, 23.4 6 4.8 g, and 222.0 6 30.8 g, respectively. Sugar and starch each contributed '50% to the total carbohydrate. In total, 24.5% of participants were classified as energy underreporters and 1.0% as energy overreporters ( Table 1) . The main contributors to the GL were bread (34%), potatoes (13%), sweets (11%), and fruit (10%). Milk (products) (20%), bread (17%), fruit (16%), potatoes (15%), and drinks (14%) contributed the most to the GI. Pearson's correlation coefficients between GL and carbohydrate and between GI and carbohydrate were 0.87 and 0.20, respectively.
During a mean (6SD) of 10.1 6 1.9 y of follow-up, we documented 915 incident type 2 diabetes cases. In the univariable model, we found a nonsignificantly increased risk of diabetes with higher GL. After adjustment for age, sex, established diabetes risk factors, and nutritional intake, the risk of diabetes was significantly increased, with an HR of 1.27 (95% CI: 1.11, 1.44) per SD increase in GL. This increase in HR was mainly attributable to correction for dietary factors, and protein intake in particular. For GI, the risk of diabetes was increased in the univariable model. After adjustment for confounders, the association attenuated to borderline significant (HR per SD increase in GI: 1.08; 95% CI: 1.00, 1.17). Higher dietary fiber was associated with a decreased diabetes risk in the multivariable model (HR per SD increase: 0.89; 95% CI: 0.82, 0.98). Higher intakes of carbohydrate and sugar were associated with a lower incidence of diabetes in the univariable analyses, whereas starch was associated with a nonsignificantly increased risk. After adjustment for confounders, the risk of diabetes significantly increased per SD increase of carbohydrate and starch (HR for carbohydrate: 1.20; 95% CI: 1.01, 1.42; HR for starch: 1.23; 95% CI: 1.07, 1.42) but not for sugar (HR: 1.15; 95% CI: 0.98, 1.35) ( Table 2) .
Energy underreporters tended to be more often female, more often physically inactive, and to have a higher waist circumference and BMI compared with normal energy reporters. Energy overreporters tended to be less often female, less often physically inactive, and to have a lower waist circumference and BMI compared with normal energy reporters. Intakes of potatoes, bread, cakes and cookies, milk (products), and sweets tended to be lower in energy underreporters, whereas these intakes tended to be higher in energy overreporters compared with normal energy reporters (see Table S1 under "Supplemental Data" in the online issue). Excluding energy underreporters yielded slightly stronger associations with diabetes compared with the associations in the full cohort. We found significantly increased risks of diabetes with higher dietary GL, GI, carbohydrate, sugar, and starch and a significantly decreased risk with higher dietary fiber. Excluding both energy under-and overreporters yielded comparable results, although the associations of carbohydrate and sugar were attenuated to borderline significant ( Table 3) .
We observed no interactions with BMI, waist circumference, and fiber intake in the multivariable models (P values for interaction for GL: 0.62, 0.99, and 0.15, respectively; for GI: 0.24, 0.89, and 0.47, respectively). There was no interaction between carbohydrate and GI (P value for interaction: 0.67).
DISCUSSION
In this prospective study, higher dietary GL, GI, and carbohydrate, and lower dietary fiber increased the risk of type 2 diabetes in 37,846 Dutch adults aged 20-70 y at baseline. Associations became slightly stronger after exclusion of energy misreporters.
The strengths of our study include its prospective design, long follow-up time, large sample size, and large number of incident diabetes cases. Moreover, the use of validated diabetes cases minimized the presence of false-positive diabetes cases. This reduced the dilution of associations. In addition, increments of 1 SD in dietary GL, GI, and carbohydrate were shown to be , current) , mean systolic blood pressure (continuous), educational level (high, middle, low), family history of diabetes (none, one parent, both parents). Model 3 was adjusted as in model 2 plus energy intake and energy-adjusted intake of vitamin C, vitamin E, protein, saturated fat, and polyunsaturated fat (all continuous). Analyses of glycemic load, glycemic index, carbohydrate, sugar, and starch with diabetes risk were additionally adjusted for total fiber intake. Analysis of fiber with diabetes risk was additionally adjusted for glycemic load. Analysis of sugar with diabetes risk was additionally adjusted for starch intake. Analysis of starch intake with diabetes risk was additionally adjusted for sugar intake. *P , 0.05, **P , 0.001. achievable in practice (35) . Some aspects of the study need to be addressed. First, the FFQ was not specifically designed to measure GL and GI. However, a validation study showed good agreement of the FFQ with 24-h dietary recalls for both GI and GL (24) . Second, we used the Goldberg cutoffs, based on energy intake compared with BMR, to estimate energy misreporting (31) . Although these cutoffs are often used in epidemiologic studies, the use of the individual physical activity level to determine energy misreporting would provide more accurate estimations (36) . However, no such levels were available in our study. Finally, the presence of diabetes often goes undetected (37) . Misclassification of participants with undetected diabetes may have attenuated our findings. Median dietary GL and GI were relatively low compared with other studies. For example, in the Nurses' Health Study I (3), quintile medians for GI ranged from 64 (lowest) to 77 (highest), compared with 50 (lowest) to 60 (highest) in our study. Despite this, we found high dietary GI and GL to be related to increased diabetes. Several previous studies related high-GI diets to increased diabetes risk (3, 4, (6) (7) (8) (9) , although this was not always confirmed (10) (11) (12) (13) (14) (15) . GL has also been related to increased diabetes, but there are inconsistencies among studies (3-9, 11-15). There are several possible explanations for these inconsistencies, including variations in study populations (such as age, sex, and ethnicity) and in carbohydrate intake, GL, or GI. Energy misreporting may weaken the associations of GI and GL with diabetes. In this study, 1 in 4 participants misreported their energy intake, and the majority of these were underreporters. This is comparable to previous findings (18, 38) . We adjusted all nutrients for total energy intake, thereby controlling confounding of energy intake caused by reporting bias (29) . However, this method only controls confounding for those who misreport their diet as a whole. Energy underreporters specifically tend to misreport foods that largely contribute to the GL and GI, such as sugars, cookies, milk products (relatively low intakes reported), and fruit and vegetables (relatively high intakes reported) (38) . Moreover, energy underreporting may be relatively high in incident diabetes cases, as underreporting has been related to obesity (38) . One study reported that excluding energy misreporters had no influence on these relations (12) . However, the results of that study were not shown, limiting comparison with our findings. Another study showed that after adjustment for energy intake, exclusion of energy underreporters did not affect relations of GL and GI with BMI (18) . This suggests that energy adjustment sufficiently corrected for confounding due to reporting bias. In our study, exclusion of energy misreporters strengthened all associations, even after energy adjustment. However, the influence of energy misreporting was modest and did not substantially change the conclusions. Energy adjustment thus seems to minimize the problems related to selective misreporting. Consequently, our results, as well as those of previous studies (12, 18) , suggest that energy misreporting is not a major contributor to inconsistencies in studies of GL, GI, and diabetes.
Several mechanisms may relate high-GI diets to diabetes. High-GI diets can rapidly increase postprandial glucose levels, thereby increasing insulin demand. This may lead to pancreatic exhaustion. In addition, high-GI diets can increase postprandial free fatty acid release, directly increasing insulin resistance (39, 40) . Furthermore, high-GI diets may promote weight gain (39, 41) , suggesting mediation through weight gain. Additional adjustment for annual weight change did not affect our findings (HR for GL: 1.26; 95% CI: 1.11, 1.44). However, weight during follow-up was mainly self-reported. This may have limited us in detecting possible mediating effects of weight change. Removal of baseline BMI and waist circumference from the final model only slightly affected the results (HR for GL: 1.23; 95% CI: 1.08, 1.40). Altogether, this provides little support for a mediation role of body weight (gain).
Carbohydrate and sugar were inversely related to diabetes in the univariable, first, and second models (the latter for sugar only), as also found by others (8, 42, 43) . Confounding by healthy lifestyle behaviors may underlie this [eg, high fruit consumption largely contributes to sugar intake (44) ]. Indeed, the inverse associations disappeared after further adjustment was made for lifestyle factors. Total carbohydrate was related to increased risk of diabetes in the final model, in contrast to the majority of prospective studies (3, 4, 8-11, 42, 43, 45) . Carbohydrate intakes were comparable to those reported in the majority of other studies (3, 4, 8-11, 42, 43, 45) , but differences in carbohydrate sources or GL may account for this. The high correlation (0.87) between GL and carbohydrate made it difficult to separate the effects of GL and carbohydrate. However, we found a stronger association for GL than for carbohydrate, suggesting that not only the amount but also the quality of consumed carbohydrate is an important determinant of diabetes.
We observed no evidence for different effects of simple and complex carbohydrate subtypes on diabetes risk. The relation of carbohydrate subtypes with diabetes is not yet very clear. Most , low) , family history of diabetes (none, one parent, both parents), energy intake, and energy-adjusted intake of vitamin C, vitamin E, protein, saturated fat, and polyunsaturated fat (all continuous). Analyses of glycemic load, glycemic index, carbohydrate, sugar, and starch with diabetes risk were additionally adjusted for total fiber intake. Analysis of fiber with diabetes risk was additionally corrected for glycemic load. Analysis of sugar with diabetes risk was additionally adjusted for starch intake. Analysis of starch intake with diabetes risk was additionally adjusted for sugar intake. *P , 0.05, **P , 0.001.
2 Normal-plus-high energy reporters were defined as energy intake compared with basal metabolic rate of 1.14; n = 28,757, with 563 incident diabetes cases. 3 Normal energy reporters were defined as energy intake compared with basal metabolic rate of 1.14 and 2.40; n = 28,187, with 554 incident diabetes cases.
prospective studies found no relation between starch and diabetes (10, 11, 42, 43) . One reported a positive association (4), in line with our results. Two studies found no relation between total sugar and diabetes (10, 42) , whereas one found an inverse relation (4) . Possibly, underreporting of sugar intake contributed to these inverse or null findings. This is supported by our findings, because the relation of sugar with diabetes strengthened to a significantly increased risk after exclusion of energy underreporters.
Total fiber was inversely related with diabetes, as previously reported by others (11, 46, 47) but not all (48) . The inverse relation of total fiber with diabetes seems mainly attributable to insoluble or cereal fiber (48) . This may explain the inconsistencies among studies. Unfortunately, our study did not provide information on intake of specific fiber subtypes.
In conclusion, our findings support the view that diets high in GL, GI, and carbohydrate, and low in fiber increase the risk of diabetes. Both carbohydrate quantity and quality seem to be important factors in diabetes prevention. These findings were not modified by the degree of adiposity. Energy misreporting may slightly attenuate associations of GL and GI with diabetes, even after correction for total energy intake.
